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ABSTRACT 
Reduced seedling emergence of low-phytate (LP) soybean [Glycine max (L.) Merr.] lines 
with the pha1 and pha2 alleles has been a limiting factor in the development of LP cultivars.  
Crosses between normal-phytate (NP) and LP soybean lines have produced progeny with 
improved emergence.  The objective of this study was to determine if LP lines with improved 
emergence are capable of producing progeny with equal or higher emergence when crossed 
to NP parents.  LP lines with improved emergence were crossed to NP cultivars and the LP 
progeny were evaluated with seed produced at three 2007 locations and five 2008 locations.  
A field test of the lines was conducted in 2008 with one 2007 seed source.  An extended cold 
test (ECT) was developed to evaluate all the lines with the three 2007 seed sources and 
selected lines and parents with the five 2008 sources.  There were LP progeny with 
significantly less emergence than the LP parent when evaluated in the field and with the 
ECT.  One single-cross line had significantly greater emergence than the LP parent and 
emergence equal to the NP parent.  Genetic variation among the single-cross and backcross 
lines was attributed to the segregation of favorable and unfavorable alleles for emergence 
from both the NP and LP parents.  Multiple seed sources should be used to identify LP lines 
with superior emergence based on field evaluations or the ECT. 
1 
INTRODUCTION 
 Phytate (myo-inositol 1,2,3,4,5,6-hexakisphosphate) is the primary storage form of 
phosphorus (P) in soybean (Erdman, 1979).  Phytate P (PAP) is poorly utilized in swine, 
poultry, and other non-ruminant animals because they lack sufficient phytase enzyme to 
break down the phytate molecule (Cromwell et al., 2000).  Phytate also binds to 
micronutrients and renders them unavailable to the animal (Adeola et al., 1995).  The P in the 
excrement of these animals, when applied to the soil in excess amounts, can be detrimental to 
the environment because of its associated increase in eutrophication (Daverede et al., 2004). 
Four genes have been reported in soybean that cause a reduction in PAP and an 
increase in inorganic P (Pi) in soybean seed.  The recessive mips allele is responsible for 
reducing PAP and raffinose saccharide content (Sebastian et al., 2000).  Gm-lpa-TW-1 and 
Gm-lpa-ZC-2 are recessive mutant alleles that can independently produce the LP phenotype 
(Yuan et al., 2007).  The combination of the recessive pha1 and pha2 alleles also produce the 
LP phenotype (Oltmans et al., 2004).  All of the genetic sources of LP, except Gm-lpa-ZC-2, 
have been reported to be associated with reduced seedling emergence (Meis et al., 2003; 
Hulke et al., 2004; Oltmans et al., 2005; Yuan et al., 2007). 
CX1834-1-6 (CX1834) is a source of the pha1 and pha2 alleles that has been used by 
soybean breeders for development of LP cultivars (Wilcox et al., 2000).  One weakness of 
CX1834 is reduced seedling emergence (Hulke et al., 2004; Oltmans et al., 2004).  CX1834 
was used as the donor parent for backcrossing pha1 and pha2 into the NP line B01769B019 
to form BC3F4-derived lines (Spear and Fehr, 2007).  They found that the emergence of some 
of their LP backcross lines was significantly better than CX1834 and equal to the NP parent 
when grown from seed harvested in Puerto Rico during January 2005.  Anderson and Fehr 
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(2008) found similar results when the lines and parents were tested with seed harvested in 
Ames, IA, in 2007.  However, the emergence of the same LP backcross lines was 
significantly less than the NP parent when grown from seed they harvested in Puerto Rico 
during May 2007, which indicated that the emergence of LP lines with the pha1 and pha2 
alleles was influenced by the source of the seed used for planting. 
The objective of my study was to determine if additional genetic improvement in 
emergence of LP lines could be achieved by crossing the LP backcross lines identified by 
Spear and Fehr (2007) to NP parents to form single-cross and backcross populations.  The 
hypothesis was that favorable alleles for emergence derived from B01769B019 that were 
present in the LP backcross lines would segregate with additional favorable alleles of the NP 
parents to produce genetic variation ranging from LP progeny with emergence at least as 
good as the LP parent to progeny with emergence similar to the NP parent.  Furthermore, the 
frequency of LP progeny with improved emergence would be greater from backcross 
populations in which the NP parent was the recurrent parent than from single-cross 
populations. 
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LITERATURE REVIEW 
Importance of LP soybeans 
In oilseed meal and cereal grains, one-half to three-fourths of the P from seed 
originates as phytate.  PAP is approximately 75% of the total P in NP lines and about 25% in 
LP lines developed by chemical mutagenesis (Wilcox et al. 2000).  The LP lines do not have 
any significant change in the total amount of P compared with NP lines.  Oltmans et al. 
(2005) reported that LP lines with the pha1 and pha2 alleles had approximately 25% of the 
total P stored as PAP, about 38% as Pi, and the remaining 37% in other P containing 
molecules.  Powers et al. (2006) evaluated feed rations for swine that consisted of NP 
soybean meal with and without the addition of synthetic phytase and LP soybean meal with 
and without the addition of phytase.  They found that LP meal with and without phytase 
resulted in greater P digestibility and lower P in the excrement than NP soybean meal with or 
without phytase. 
Genetic control of the LP trait 
 The LP lines used in my study were derived from mutants created by the chemical 
mutagenesis process patented by Raboy (2000).  Seeds of the soybean breeding line CX1515-
4 were treated with ethyl methanesulfonate (EMS) by the USDA-ARS and Purdue University 
(Wilcox et al. 2000).  They identified two M2 plants, M153 and M766, as LP soybean 
mutants.  The mutants were identified by testing seeds for elevated Pi content. The progeny 
of M153 and M766 were grown until the M6 generation to validate that the mutations were 
nonlethal and heritable.  M153 was crossed to Athow, a NP cultivar, and the LP progeny 
CX1834-1-6 (CX1834) was selected for its improved seed yield. 
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 Oltmans et al. (2004) evaluated the inheritance of the LP trait in progeny from crosses 
of CX1834 with NP lines.  The number of NP to LP progeny in the F2 fit a 15:1 ratio.  This 
indicated that the LP phenotype was controlled by two recessive alleles at independent loci 
exhibiting duplicate dominant epistasis, which they designated pha1 and pha2. Walker et al. 
(2006) confirmed the two-gene model by composite mapping a F2 population derived from 
the cross between ‘AGX Boggs-RR’ x CX1834-1-2.  One of the loci was associated with the 
LP phenotype was mapped to linkage group (LG) N, near marker Satt237, which accounted 
for 41% of the variation in Pi.  The second locus was mapped to LG L, near marker Satt527, 
which accounted for 11% of the variation in Pi.  In addition, 8 to 11% of variation was 
explained by interaction of the alleles at LG N and LG L.  They speculated that the two loci 
were those previously designated pha1 and pha2 by Oltmans et al. (2004).  The two LGs 
were validated and the potential for more LP QTLs was suggested by Gao et al. (2008).  
Maroof et al. (2009) suggested that a single nucleotide mutation from A to T in the MPR 
gene on LG N in LP lines is partially responsible for causing the LP phenotype. 
 Three other genetic sources of the LP trait are known: the mips allele, Gm-lpa-TW-1, 
and Gm-lpa-ZC-2.  The mips allele, developed by Sebastian et al. (2000), is one recessive 
allele responsible for reducing PAP and raffinose saccharide content in soybean seeds.  Gm-
lpa-TW-1 and Gm-lpa-ZC-2 were created with gamma ray irradiation by Yuan et al. (2007).  
They are independent mutations for single recessive gene alleles.  The authors reported that 
Gm-lpa-ZC-2 did not show the decrease in seedling emergence that has been associated with 
the other genetic sources of the LP trait. 
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Influence of the LP trait on seedling emergence 
 Meis et al. (2003) evaluated soybean lines with (LP) and without (NP) the mips allele 
using seed produced in four temperate and twelve subtropical environments.  They found that 
seedling emergence was significantly lower for LP lines compared with NP lines.  There was 
a significant difference in seedling emergence based on where the seed was produced.  Seed 
of the LP lines produced in the subtropical environments had significantly lower seedling 
emergence than seed of the lines produced in temperate environments.  They conducted four 
standard laboratory tests (tetrazolium, warm germination, cold vigor, and accelerated aging) 
of seedling emergence and found that only the accelerated aging test could effectively predict 
the field emergence potential of the LP and NP lines from the different seed sources. 
 Hulke et al. (2004) evaluated the performance of LP soybean lines with the pha1 and 
pha2 alleles by crossing CX1834 with B01769B019 (B019), a NP- reduced-palmitate line, 
and backcrossing to B019.   They evaluated 20 BC1F2:4 lines for seedling emergence at three 
Iowa locations.  The seedling emergence of the LP lines was approximately 22% lower than 
the NP lines.  The LP lines and NP lines did not differ significantly across all locations for 
any of the other agronomic traits. 
 Oltmans et al. (2005) evaluated the performance of soybean lines with and without 
the pha1 and pha2 alleles from three single-cross populations by crossing CX1834 to three 
NP parents.  Twenty F2:4 progeny for each population were evaluated for seedling 
emergence, total P, PAP, Pi, and agronomic traits across three Iowa locations.  The seedling 
emergence was approximately 23% lower for the LP lines compared to the NP lines.  The 
PAP and Pi were significantly different for the LP and NP lines.  All of the other traits tested 
were not consistently different between the LP and NP lines in the three populations. 
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 Spear and Fehr (2007) conducted two additional backcrosses to B019 with the BC1 
plants developed by Hulke et al. (2004).  Thirty-six BC3F4-derived lines were evaluated for 
seedling emergence, PAP, and Pi across five Iowa locations.  The LP lines and the parent 
CX1834 did not differ significantly in PAP or Pi content.  There were 18 LP lines that had 
significantly greater field emergence when compared with CX1834 and not significantly 
different emergence than B019.  They indicated that it should be possible to develop LP lines 
with improved seedling emergence by backcrossing.  Spear and Fehr (2007) also evaluated 
three laboratory tests (warm germination, cold vigor, and accelerated aging) for their 
efficiency in determining seedling emergence and found that the tests were useful for 
identifying the poorest emerging lines.  However, none of them were comparable to the field 
emergence test for identifying the best emerging lines. 
 LP lines were compared to NP lines in growth media that ranged from deficient to 
excessive in P to evaluate the impact of external P on seed P composition (Israel et al. 2007).  
The LP lines had the same increase in PAP as the NP lines as external P increased.  The 
study indicated that the LP trait remained relatively constant across different external P 
levels. 
 Anderson and Fehr (2008) evaluated the impact of seed source on the emergence of 
six of the BC3F4-derived lines found by Spear and Fehr (2007) to have improved seedling 
emergence compared with CX1834.  Three seed production environments were evaluated; 
Ames 2005, a Puerto Rico January harvest, and a Puerto Rico May harvest.  The seedling 
emergence for the LP lines and CX1834 was significantly different among the three seed 
sources while the seedling emergence for B019 did not differ significantly among the 
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sources.  The results indicated that there was a significant seed source effect on emergence of 
LP lines with the pha1 and pha2 alleles. 
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MATERIALS AND METHODS 
Line development 
 The LP lines of Spear and Fehr (2007) used as parents were A05-318011, A05-
318020, and A05-318025.  They were BC3F4-derived lines from the backcross of the pha1 
and pha2 alleles from CX1834 into B019.  A05-318011 had a mean field emergence of 
70.6%, A05-318020 had 75.2%, and A05-318025 had 74.6% averaged over five Iowa 
locations in 2005 (Spear and Fehr, 2007).  The lines also had the fap1 and fap3 alleles for 
reduced palmitate content that were present in B019 (Fehr et al., 1991).  The NP parents were 
the cultivars IA2069 and IA2070 developed by Iowa State University.  The two cultivars had 
the fap1 and fap3 alleles for reduced palmitate content and good agronomic performance. 
 The initial crosses were made in July 2005 at Ames, IA.  A05-318011 was crossed to 
IA2070 to form a single-cross population AX20191, designated hereinafter as SCP.  A05-
318020 was crossed to IA2069 to form the population AX20192 and A05-318025 was 
crossed to IA2069 to form the population AX20193.  The original intent was to include the 
three single-cross populations formed in July in my study; however, there were not enough 
LP progeny recovered from AX20192 and AX20193 in subsequent generations.  Similarly, 
backcrossing with SCP was not successful in recovering enough LP progeny for evaluation 
in my study. 
 In October 2005, the F1 seeds of the single-crosses and the parent IA2069 were 
planted at the Illinois Crop Improvement Association research station near Ponce, PR.  
Backcrosses were made to form the populations (A05-318020 x IA2069) x IA2069, 
designated AX20215 (BCP1), and (A05-318025 x IA2069) x IA2069, designated AX20216 
(BCP2).  The F2 seeds of SCP and BC1F1 seeds of BCP1 and BCP2 were harvested. 
9 
 To obtain at least 40 LP F2 seeds with the pha1pha1pha2pha2 genotype in SCP, it 
was necessary to evaluate 820 seeds based on the formula provided by Sedcole (1977) in 
which q = 1/16.  The colorimetric assay used was adapted from Wilcox et al. (2000) and 
described by Spear and Fehr (2007).  Each seed was split into two parts with a razor blade.  
The one-third portion of each seed without the embryonic axis was used for testing and the 
remaining two-thirds of the seed was saved for planting.  The one-third part of the seed was 
placed in an individual packet and crushed with a steel weight.  The crushed sample was 
placed in a 12 x 75 mm glass tube.  An aliquot of 1 mL of 12.5% (w/v) TCA and 25 mM 
MgCl2 was added to the test tube to extract the Pi.  After 10 min, 1 mL of Chen’s Reagent 
was added to the mixture.  Chen’s Reagent consisted of 1 volume of 3 M H2SO4, 1 volume 
10% (w/v) ascorbic acid, 1 volume 20 mM ammonium molybdate, and 2 volumes DDH2O.  
The samples were allowed to sit at room temperature for 10 min.  Samples were scored as LP 
if the solution turned dark blue and NP if the solution remained clear to light blue.  The assay 
was used for all subsequent analyses of LP content in the development of lines for the study. 
 The selected LP F2 seeds and the BC1F1 seeds were planted in PR during January 
2006.  There were 20 F2 plants of SCP, 35 BC1F1 plants of BCP1, and 32 BC1F1 plants of 
BCP2 harvested individually.  Five individual F3 seeds were analyzed for LP content to be 
95% certain that a F2 plant was homozygous for pha1 and pha2 (Sedcole, 1997).  If a plant 
was not homozygous for one of the alleles, ¾ of the seeds on the average would not be LP.  
From the 20 SCP plants analyzed, 14 were selected for homozygosity of the two alleles.  
Individual BC1F2 seeds of BCP1 and BCP2 were split and analyzed to identify those that 
were LP.  BCP1 had 13 LP seeds and BCP2 had 18. 
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 In 2006, the 14 LP F2:3 lines were grown at the Agronomy Farm and the Burkey Farm 
near Ames, IA, in a randomized complete-block design with two replications at each 
location.  The soil type at both locations is a Nicolett loam (fine-loamy, mixed, mesic Aquic 
Hapludoll).  The plots were one-row 0.76 m long with a spacing of 1.02 m between rows and 
1.07 m between the ends of rows.  The planting dates were 17 May at the Agronomy Farm 
and 18 May at the Burkey Farm.  Up to 20 seeds of the F2:3 lines were planted in progeny 
rows 0.76 m long.  The rows were thinned to a maximum of eight plants at the V3 stage to 
promote seed production on individual plants (Fehr and Caviness, 1977).  The F3 plants from 
each row were harvested individually.  Five individual F4 seeds were tested for LP from one 
random F3 plant of each F2:3 line and a five-seed bulk was analyzed for fatty ester content by 
gas chromatography as described by Hammond (1991).  If the first F3 plant was not 
homozygous for LP or did not have <8.5% palmitate + stearate (saturates) content, additional 
plants from the line were analyzed. 
 The BC1F2 seeds were space planted and harvested individually at Ames in 2006.  
Five individual BC1F3 seeds from each BC1F2 plant were tested to be 95% certain that the 
plant was homozygous for the pha1 and pha2 alleles (Sedcole 1997). 
 Seed from the 11 selected F3, 11 BCP1, and 13 BCP2 BC1F2 plants were planted in 
progeny rows for seed increase in PR during October 2006.  Seed of the parents and 
additional LP and NP lines also were grown as checks.  The plots were harvested 
individually in bulk.  Due to adverse environmental conditions, there was not enough seed 
harvested for replicated tests in Iowa during 2007.  Therefore, during January 2007 at Ponce, 
PR, a random sample of the harvested seed of the F3:5 lines, BC1F2:4 lines, parents, and LP 
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and NP checks were replanted in a plot in January in PR and each plot was harvested in bulk 
during May. 
 Seed of the 11 F3:6 lines, 11 BCP1 BC1F2:5 lines, 13 BCP2 BC1F2:5 lines, four LP 
parents and checks, and six NP parents and checks were planted with two replications of a 
randomized complete-block design at Ames, Carlisle, and Lewis, IA, in 2007 to evaluate 
their emergence as part of the thesis research of Anderson (2007) (Appendix Table E1).  
There were 14 additional LP lines and four parents with low linolenate that were grown in 
the same experiment, but were not a part of my study.  The history of line development of the 
LP lines with low linolenate was described by Anderson (2007).  The plots were two-rows 
3.05 m long with a spacing of 0.69 m between rows within a plot and 1.02 m between rows 
of adjacent plots.  The seeding rate was 200 seeds per plot (30 seeds m-1).  Data were 
collected on all plots at all locations for seedling emergence.  Seedling emergence was 
determined by counting the number of plants in each plot at the V3 stage.  The results of the 
test as reported by Anderson (2007) were not useful because the emergence of all the LP 
lines and checks was too low due to the seed source effect reported by Anderson and Fehr 
(2008).  Seed of all the entries was harvested from the three locations for subsequent testing 
in my study. 
Field evaluation 
 Ten individual seeds of the lines harvested from Carlisle in 2007 were evaluated for 
their P content.  The 11 lines from SCP, 11 lines from the BCP1, and 13 lines from BCP2 
were homogeneous for the LP phenotype.  The 2008 field test included the 35 LP lines; the 
LP parents A05-318020, A05-318025, and CX1834; the NP parents IA2069, IA2070, and 
B019; and the two NP, low-palmitate cultivars IA2092 and IA3026.  There was no seed of 
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A05-318011 to include in the test because Anderson (2007) did not plant the parent in 
replicated tests in 2007.  The field test also included 13 low-linolenate LP lines and three 
low-linolenate parents and checks that had been evaluated by Anderson (2007)  (Table 1).  
These entries were included for evaluation in an independent program for development of LP 
cultivars with low linolenate and were not a part of my study.  The test was planted at five 
Iowa locations in 2008: Ames, Carlisle, Lewis, Osceola, and Ottumwa.  The seed used for 
planting was from the Carlisle 2007 harvest, except for the check cultivars IA2092 and 
IA3026 for which seed was obtained from an Ames planting in 2007.  The entries were 
planted in a randomized complete-block design with two replications at five Iowa locations.  
The soil type at Ames is a Nicolett loam (fine-loamy, mixed, mesic Aquic Hapludoll), 
Carlisle is a Tama silty clay loam (fine-silty, mixed, superactive, mesic Typic Agriudoll), 
Lewis is a Marshall silty clay loam (fine-silty, mixed, mesic Typic Hapludoll), Osceola is a 
Grundy silty clay loam (fine, montmorillonitic, mesic Aquic Agriudoll), and Ottumwa is a 
Coppock silt loam (fine-silty, mixed, mesic Mollic Ochraqualf).  The plots were two rows 
3.05 m long with 0.69 m between rows within a plot and 1.02 m between rows of adjacent 
plots.  Each plot was planted with 200 seeds at 30 seeds m-1.  The planting dates were 15 
May at Ames, 8 May at Carlisle, 5 May at Lewis, 21 May at Osceola, and 2 June at 
Ottumwa.  The plots were evaluated for emergence at the V3 stage when the second 
trifoliolate leaf above the unifoliate leaf was fully developed (Fehr and Caviness, 1977). 
 The emergence of the NP parents from the Carlisle source was less than would be 
expected for seed used for commercial production.  This raised a question about the 
reliability of the data for evaluating the genetic variation among the LP lines.  It also led to 
questions about whether the emergence of LP lines might be influenced by differences 
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among seed production environments in Iowa and if soil temperature during emergence 
might be a factor in seedling emergence of the LP lines.  To research these questions, the 
same entries were planted in a randomized complete-block design with two replications at 
Ames with seed harvested at Ames in 2007.  In addition, one replicate of the lines A05-
318020, A05-318025, CX1834, IA2069, and B019 were planted with Carlisle seed adjacent 
to the experiment.  The planting was made on 25 June with the same plot size and seeding 
rate used for the experiment planted in May.  The emergence was evaluated on 11 July when 
emergence was considered complete.  The results indicated that there was a significant seed 
source effect on the seedling emergence because the mean emergence of lines was 59.4% for 
the Ames 2007 seed source compared with 19.4% from the Carlisle 2007 seed source (Table 
1).  This test also indicated that soil temperature at planting was not a significant factor for 
field emergence because the five entries planted in June with the Carlisle 2007 source had 
similar emergence percentages as when they were plant with the same source in May when 
soil temperatures were lower. 
Table 1.  Mean field emergence of single-cross lines, backcross lines, and parents with the Ames 
and Carlisle 2007 seed sources. 
  
†Field   
Ames June  
‡Field 
Carlisle June  
§Field 
Carlisle May  
2008 Field 
Entry 
Line 
Designation x  Rank   x    x  Rank ¶ Pedigree 
  --%--     --%--   
260001 SC1 70.5 2    41.6 1 A 
260002 SC2 63.0 4    26.8 4 A 
260003 SC3 54.0 8    35.9 2 A 
260004 SC4 37.5 10    17.9 7 A 
260005 SC5 68.0 3    31.3 3 A 
260006 SC6 59.3 6    20.1 6 A 
260007 SC7 78.0 1    22.6 5 A 
260008 SC8 62.8 5    8.0 9 A 
260009 SC9 48.3 9    7.3 10 A 
260010 SC10 24.3 11    2.5 11 A 
260011 SC11 58.3 7    12.0 8 A 
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Table 1. Continued. 
260012  63.2     38.9  B 
260013  78.0     23.6  B 
260014  67.0     39.2  C 
260015  70.0     18.6  C 
260016  68.5     13.2  C 
260017  59.2     18.5  D 
260018  59.2     9.6  D 
260019  58.0     11.4  E 
260020  43.0     11.6  E 
260021  49.2     15.6  E 
260022  64.8     13.5  E 
260023  55.2     16.5  E 
260024  56.5     16.4  E 
          
260025 BC25 51.5 10    24.5 1 F 
260026 BC26 62.0 6    17.4 4 F 
260027 BC27 69.8 2    17.0 5 F 
260028 BC28 47.3 11    6.9 10 F 
260029 BC29 64.0 3    21.9 2 F 
260030 BC30 76.8 1    21.9 3 F 
260031 BC31 58.0 9    14.7 7 F 
260032 BC32 60.8 7    11.1 8 F 
260033 BC33 63.8 4    15.5 6 F 
260034 BC34 60.3 8    10.4 9 F 
260035 BC35 63.5 5    6.5 11 F 
          
260036 BC36 44.3 12    9.5 11 G 
260037 BC37 58.8 7    9.0 12 G 
260038 BC38 63.8 2    29.1 1 G 
260039 BC39 61.3 6    11.7 7 G 
260040 BC40 42.0 13    7.3 13 G 
260041 BC41 63.5 3    23.2 4 G 
260042 BC42 56.0 8    10.5 9 G 
260043 BC43 55.8 9    10.2 10 G 
260044 BC44 53.3 11    27.6 2 G 
260045 BC45 55.0 10    12.4 6 G 
260046 BC46 62.0 5    23.3 3 G 
260047 BC47 63.0 4    19.0 5 G 
260048 BC48 64.8 1    11.6 8 G 
          
260049 A05-318020 61.5   26.0  29.4   
260050 A05-318025 64.3   31.0  33.1   
260051 CX1834-1-6 61.5     10.3   
260052 CX1834-1-6 50.2   6.5  18.5   
260053 IA2069 78.5   35.0  39.2   
260054 IA2070 65.5     32.2   
260055 IA2092 71.2     74.8   
260056 IA3026 58.5     77.1   
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Table 1. Continued. 
260057 B01769B019 63.3   52.5  49.1   
260058 A05-542015 62.2     38.9   
260059 IA2079 52.0     79.3   
260060 IA3024 65.2     80.8   
 
Mean  59.4     19.4   
SEM  6     2   
LSD0.05  17.2     5.6   
LSD0.01  23.0         7.4     
† = Mean field emergence at Ames from the June planting with the Ames 2007 seed source. 
‡ = Mean field emergence at Ames from the June planting with the Carlisle 2007 seed source. 
§ = Mean field emergence at five Iowa locations from the May planting with the Carlisle 2007 
seed source. 
¶ = Pedigree A = A05-318011 x IA2070; B = A05-318020 x IA2069; C = A05-314030 x A04-
442033; D = (A05-318025 x A04-542015) x A04-542015; E = (A05-314030 x A04-442033) x 
A04-442033; F = (A05-318020 x IA2069) x IA2069; G = (A05-318025 X IA2069) x IA2069  
# The following entries were excluded from the means and the analyses of variance: 260012-
260024, 260055-260056, and 260058-260060. 
  
 As a result of the Ames planting, an extended cold germination test was developed to 
evaluate the lines from the three 2007 seed sources.  Based on the results of that test, one 
replicate of seed of the four single-cross lines with the highest overall emergence and the 
parents A05-318020, CX1834, IA2069, and IA2070 were harvested in bulk from Carlisle, 
Lewis, Osceola, and Ottumwa.  At Ames, the 11 single-cross lines, four parents and B019 
were harvested in bulk with a stationary thresher to obtain a pure seed source for future 
studies. 
Extended cold germination test (ECT) 
 The results of the tests planted with the Carlisle and Ames seed indicated that the 
emergence of LP lines was significantly influenced by the seed production environment in 
Iowa (Table 1).  To explore this possibility further, a procedure was developed to evaluate 
the LP lines from the three 2007 seed sources in the laboratory.  Spear and Fehr (2007) 
evaluated the effectiveness of the warm germination, cold germination, and accelerated aging 
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tests for determining the seedling emergence of LP lines.  The phenotypic correlation of 0.82 
between the cold test and field emergence was the best of the three procedures they 
evaluated.  In the standard cold test, seeds are exposed to a temperature of 10°C for 7 d 
followed by 25°C for 5 to 7 d (AOSA, 2002).  In Iowa, soil temperatures in fields do not 
have the sharp increase in temperature that is used in the protocol of the cold test.  A 
preliminary experiment with an extended cold test was conducted that included the LP lines 
SC1 and BC40 that had markedly different emergence in the field test with the Carlisle seed 
source, three LP parents, two NP parents, and a NP check ‘IA3024’.  The Carlisle seed 
source was used for all the entries except IA3024, which came from an Ames 2007 seed 
source.  The protocol for the standard cold test was used, except that the samples were kept at 
10°C to determine if seedling emergence would occur at that temperature.  After a total of 21 
d at 10°C, seedling emergence was found to be similar to that observed in the field (Table 2).  
The correlation between the field emergence and the ECT from the Carlisle 2007 seed source 
was 0.93 (p<0.01). 
Table 2. Mean field emergence and extended cold test percentages of eight lines with the Carlisle 
2007 seed source. 
 Carlisle Field Emergence   Carlisle Extended Cold Test 
†Entry x  Rank  x  Rank 
 ----%----   ----%----  
SC1 42 3  41 3 
BC40 7 8  2 8 
A05-318020 29 6  21 5 
A05-318025 33 5  21 5 
CX1834-1-6 10 7  6 7 
IA2069 39 4  31 4 
B01769B019 49 2  74 2 
‡ IA3024 81 1   83 1 
† = SC1 = A05-318020 x IA2069  and BC40 = (A05-318025 X IA2069) x IA2069. 
‡ = The seed source for IA3024 was from a 2007 Ames demonstration plot. 
Refer to Table 1 for the 2008 designation for each entry in the field and extended cold tests. 
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 The ECT was used to evaluate the 35 LP lines, three LP parents, and two NP cultivars 
with the Ames, Carlisle, and Lewis 2007 seed sources.  IA2070 was not tested as one of the 
parents because the pedigree of the single-cross population described by Anderson (2007) as 
A05-318020 x IA2069 was incorrect.  The correct pedigree was A05-318011 x IA2070.  The 
ECT was completed before the error was discovered.  The ECT was not rerun with IA2070 
as a parent because it had similar emergence to IA2069 in the field test and would be 
expected to be similar to IA2069 in the ECT.  The test was conducted at the Iowa State 
University Seed Science Center.  The 40 entries were grown in a randomized complete-block 
design in which the samples for each of two replications were placed in two germination 
carts. 
 On the first day of the protocol, one sheet of Versapak™ (Crepe cellulose paper) was 
placed on 45 x 66 cm fiberglass food service trays and moistened with 1,100 mL of tap 
water.  The trays were placed in germination carts and left in the cold room (10°C) overnight 
to allow the water to reach the experimental temperature.  The germination cart measured 0.5 
m wide x 0.7 m deep x 1.6 m high and was made of aluminum with the back panel made of 
Plexiglas™ that allows light penetration into the cart for conventional germination tests.  On 
the second day, 100 seeds of each of four entries were planted at random in each quadrant of 
the tray, covered with a 4:1 ratio of medium grade sand/soil mixture to a depth of 2.54 cm, 
and returned to the germination cart.  The germination carts were put in a cold room (10°C) 
for 21 d.  The only light in the room was when the carts were checked briefly each day.  
Seedling emergence was counted 21 d after planting and was calculated as the number of 
seedlings that had emerged out of the 100 seeds that were planted in a quadrant.  A seedling 
was counted if any part of its hypocotyl was above the surface of the sand. 
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Phytate P and inorganic P test 
 To determine if emergence of the LP lines was associated with PAP and Pi content 
and if there were differences in P content among Iowa seed sources, analyses were conducted 
for SC1, the LP line from the single-cross population with the highest overall emergence;  
SC10, the LP line with the lowest overall emergence in the field and ECT tests; the LP 
parents A05-318020 and A05-318025; the LP line CX1834, and the NP parent IA2069.  The 
backcross lines were not included because they did not have the range in emergence observed 
with the single-cross lines.  To have consistent entries in the ECT and those in the PAP and 
Pi test, IA2070 was not included.  Analysis of IA2070 also was not considered necessary 
because NP parents are consistently different than LP lines for PAP and Pi (Oltmans et al., 
2004).  The seeds harvested from the three 2007 sources were used to evaluate PAP and Pi 
content of the entries as a randomized complete-block design with two replications.  The 
PAP content was determined by capillary zone electrophoresis in the Protein Facility of Iowa 
State University and a colorimetric assay was used for Pi determination.  The analyses for 
each entry with both protocols were conducted on a random sample of 50 seeds that was 
ground using a UDY Cyclone sample mill (UDY Corporation, Fort Collins, CO) to pass 
through a 1 mm screen.  Two replications of 0.5 g ground seed from each entry was used to 
determine Pi by the method described by Chen et al. (1956).  Each replicate was analyzed 
independently.  The 0.5 g ground seed was extracted in 20 mL of 12% trichloroacetic acid 
that contained 2.6 mM magnesium chloride by stirring them overnight at 4°C.  The next day, 
the samples were centrifuged at 14,000 x g for 20 min.  After centrifugation, 100 µL of the 
supernatant was added to 3.9 mL of DDH2O and 4 mL of Chen’s reagent.  The samples were 
left for 2 h at room temperature to allow the reaction sufficient time to react.  After the 2 h 
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reaction period, the samples were analyzed at 820 nm on a Varian Cary 50 Bio UV-Visible 
Spectrophotometer (Palo Alto, CA). 
 The PAP was analyzed by capillary zone electrophoresis (CZE) according to the 
method by Nardi et al. (1992) and modified by Spear and Fehr (2007).  A 0.02 g sample of 
ground seed was placed in a scintillation vial, extracted in 10 mL of 0.5 mM L-aspartic acid, 
and stirred for 20 min at room temperature using a magnetic stir plate.  After the extraction, 
750 µL of solution was applied to a 0.22 µM Spin-X centrifugal filter (Costar Corning, NY) 
and centrifuged for 10 min with a bench-top microcentrifuge.  From the filtered solution, 250 
µL was loaded into a 96-well plate and analyzed with a Beckman-Coulter P/ACE MDQ 
capillary electrophoresis system (Fullerton, CA). 
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DATA ANALYSIS 
 The data from the 2008 tests were analyzed as a randomized complete-block design 
by the generalized linear model procedure of the SAS statistical software (release 9.1.3) 
(SAS Institute, 2006).  The LP lines and the parents with low linolenate were not used in any 
of the analyses because they were not part of my study.  The two checks IA2092 and IA3026 
also were not included in the analysis of the data because they were planted with seed 
obtained from a different source than the other entries.  F-test statistics were used to 
determine the significance of the main effects and their interactions. 
 The linear additive model for the analysis of variance across the five environments 
for seedling emergence was: 
  Yijk = µ + Ei + R/Ei/j + Gk + EGik + εijk, 
where; 
 Yijk = the observed value of the kth genotype within the jth replication within the ith 
environment, 
 µ = the overall mean, 
 Ei = the effect of the ith environment, 
 R/Ei/j = the effect of the jth replication nested within the ith environment, 
 Gk = the effect of the kth genotype, 
 EGik = the effect of the interaction between the ith environment and the kth  genotype, 
and 
 εijk = the error of the effect of the ijkth observation. 
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 Genotypes were considered fixed effects and the environments and replications 
within environments were considered random effects.  The environment by main effect 
interactions were used to test the main effects across the five environments. 
Table 3.  Analysis of variance and expected means squares for the field emergence of 35 
LP lines, three NP parents, and three LP parents across five Iowa environments in 2008 
with the Carlisle 2007 seed source. 
Sources of Variation Degrees of Freedom df Expected Mean Squares 
Environments (E) e-1 4      σ2ε + egσ2r(e) + r(e)gσ2e 
Replications/E (R/E) (r-1)e 5      σ2ε + gσ2r(e) 
Genotypes (G) g-1 40      σ2ε + r(e)σ2eg + r(e)Фg 
G x E (g-1)(e-1) 160      σ2ε + r(e)σ2eg 
Error e(r-1)(g-1) 200      σ2ε 
Total erg-1 409   
  
 The linear additive model for the analysis of variance of LP lines and parents for field 
emergence at each of the five Iowa environments in 2008 was: 
  Yij = µ + Ri + Gj + εij 
where; 
Yij = the observed value of the jth genotype in the ith replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Gj = the effect of the jth genotype, and 
εij = the error of the effect of the ijth observation. 
The genotypes were considered fixed effects while the replications were considered 
random effects. 
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Table 4.  Analysis of variance and expected means squares for the field emergence of 35 
LP lines, three NP parents, and three LP parents for field emergence at each of five Iowa 
environments in 2008 with the Carlisle 2007 seed source. 
Sources of Variation Degrees of Freedom df Expected Mean Squares 
Replications (R) r-1 1      σ2ε + gσ2r 
Genotypes (G) g-1 40      σ2ε + rФg 
Error (r-1)(g-1) 40      σ2ε 
Total rg-1 81   
 
The linear additive model for the analysis of variance of the extended cold 
germination test for seedling emergence for all LP lines and parents from the three 2007 seed 
sources was: 
  Yijk = µ + Ri + Gk + Sj + SGjk + εijk 
where; 
Yijk = the observed value of the kth genotype from the jth source in the ith 
 replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Sj = the effect of the jth source,  
Gk = the effect of the kth genotype, 
SGjk = the effect of the interaction between the jth source and the kth genotype, and 
εijk = the error of the effect of the ijkth observation. 
The genotypes and sources were considered fixed effects while the replications were 
considered random effects. 
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Table 5.  Analysis of variance and expected means squares for emergence of 35 LP 
lines, three LP parents, and IA2069 from three 2007 seed sources in the extended cold 
test.  
Sources of Variation Degrees of Freedom df Expected Mean Squares 
Replications (R) r-1 1      σ2ε + gσ2r 
†Genotypes (G) g-1 38      σ2ε + rσ2sg + rФg 
Sources (S) s-1 2      σ2ε + rgσ2s 
G x S (g-1)(s-1) 76      σ2ε + rσ2sg 
Error s(r-1)(g-1) 146      σ2ε 
Total srg-1 263   
† = B019 was not included in the analysis. 
 
The linear additive model for the analysis of variance of seedling emergence of four 
single-cross lines and three parents in the extended cold germination test for three 2007 and 
five 2008 seed sources was: 
  Yijk = µ + Ri + Gk + Sj + SGjk + εijk 
where; 
Yijk = the observed value of the kth genotype from the jth source in the ith 
 replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Sj = the effect of the jth source,  
Gk = the effect of the kth genotype, 
SGjk = the effect of the interaction between the jth source and the kth genotype, and 
εijk = the error of the effect of the ijkth observation. 
The genotypes and sources were considered fixed effects while the replications were 
considered random effects. 
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Table 6.  Analysis of variance and expected means squares for emergence of four single-
cross lines and three parents in the extended cold germination test for three 2007 and five 
2008 seed sources. 
Sources of Variation Degrees of Freedom df Expected Mean Squares 
Replications (R) r-1 1      σ2ε + gsσ2r 
Genotypes (G) g-1 6      σ2ε + rsФg 
Sources (S) s-1 7      σ2ε + rgФs 
G x S (g-1)(s-1) 42      σ2ε + rФsg 
Error 
(r-1)(g-1)+(r-1)(s-1)+ 
(r-1)(g-1)(s-1) 55      σ2ε 
Total rgs-1 111   
  
 The linear additive model for the analysis of variance of phytate P and Pi was: 
  Yijk = µ + Ri + Gk + Sj + SGjk + εijk 
where; 
Yijk = the observed value of the kth genotype from the jth source in the ith 
 replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Sj = the effect of the jth source,  
Gk = the effect of the kth genotype, 
SGjk = the effect of the interaction between the jth source and the kth genotype, and 
εijk = the error of the effect of the ijkth observation. 
 The genotypes and sources were considered fixed effects while the replications are 
considered random effects. 
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Table 7.  Analysis of variance and expected means squares of SC1, SC10, and four 
parents for PAP and Pi of three 2007 seed sources. 
Sources of Variation Degrees of Freedom df Expected Mean Squares 
Replications (R) r-1 1      σ2ε + gsσ2r 
Genotypes (G) g-1 5      σ2ε + rsФg 
Sources (S) s-1 2      σ2ε + rgФs 
G x S (g-1)(s-1) 10      σ2ε + rФsg 
Error 
(r-1)(g-1)+(r-1)(s-1)+ 
(r-1)(g-1)(s-1) 17      σ2ε 
Total rgs-1 35   
  
 The least significant difference (LSD) at the 0.05 and 0.01 probability levels and 
standard error of the mean (SEM) were calculated for comparison of the differences between 
lines.  The coefficient of variation (CV) was calculated to measure the precision of the 
estimates as: 
 LSD = tα nMSE /2  
 SEM = nMSE /  
 CV (%) = [ MSE /Mean] x 100 
where; 
 MSE = the error mean squares for an individual environment or genotype x 
 environment interaction for the combined analysis, 
 Mean = mean of all entries for each trait, 
 n = number of observations in each entry mean, and 
 t = critical t value at either the 0.01 or 0.05 probability level. 
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RESULTS AND DISCUSSION 
 The variation for emergence among the LP lines in the single-cross and backcross 
populations with the field test and ECT indicated that both the LP and NP parents possessed 
favorable and unfavorable alleles for emergence (Tables 8 and 9).  If the NP parents had only 
favorable alleles for emergence, the emergence of the LP lines from the single-cross and 
backcross populations would have been equal to or greater than the emergence of the LP 
parents.  In addition, the frequency of backcross lines with greater emergence than the LP 
parents would have been expected to be greater than the single-cross lines.  Contrary to the 
hypothesis, there were single-cross and backcross lines that had less emergence than the two 
LP parents and CX1834.  For example, LP lines SC8, SC9, and SC10 had significantly less 
emergence than CX1834.  These lines resulted from the combination of unfavorable alleles in 
both the LP and NP parents.  The line SC1 with emergence significantly greater than its LP 
parent and equal to the NP parent IA2069 represented the combination of favorable alleles 
from both the LP and NP parents of the cross.  Further evidence of the presence of 
unfavorable alleles in the NP parents was observed in the segregation among LP lines from 
the backcross populations.  None of the backcross lines emerged as well as the best single-
cross line SC1 when evaluated in the field with the Carlisle 2007 seed source or based on the 
mean emergence for all 2007 sources in the ECT (Table 1).  This indicated that combinations 
of favorable alleles from the two parents and possible positive epistatic interactions between 
them were broken during backcrossing. 
 The ECT was found to be a useful method for assessing the emergence potential of 
LP lines (Table 8).  The phenotypic correlation between the field and ECT emergence of all 
lines with the Carlisle seed source was 0.95 (P<0.01).  The correlation between the field test 
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and the mean of the three 2007 seed sources of 0.92 (P<0.01) was greater than the correlation 
of 0.82 reported by Spear and Fehr (2007) between the field test and the standard cold test. 
 The impact of seed source on evaluation of LP lines was evident from the evaluation 
of the three 2007 and five 2008 sources by the ECT (Table 10).  The four best LP lines based 
on the mean of the ECT with the three 2007 sources were compared with CX1834, the LP 
parent A05-318020 identified by Spear and Fehr (2007) as an improvement over CX1834, 
and the NP parent IA2069.  The sources that were most useful for identifying lines with 
improved emergence were the four in which CX1834 was significantly inferior to IA2069, 
which included Carlisle 2007, Lewis 2007, Ames 2008, and Ottumwa 2008.  To identify seed 
sources useful for identifying superior LP lines, it is advisable to include CX1834 or a 
comparable LP line and one or more NP cultivars in the same environments of seed 
production as the experimental LP lines.  A comparison can be made between CX1834 and 
other LP lines and the NP cultivars for each source.  The sources in which CX1834 and the 
NP cultivars are significantly different will be most useful.  For example, the difference 
between CX1834 and IA2069 from Ames 2007 was only 4.0 percentage units indicating that 
the source was not effective for identifying LP lines with superior emergence.  The 
significant difference between CX1834 and IA2069 of 26.8 percentage units for the Carlisle 
2007 source and of 26.8 percentage units for the Lewis source made it is possible to identify 
LP lines with improved emergence from these sources. 
 Although differences in emergence between CX1834 and NP cultivars were 
necessary for identifying seed sources that could be used to select LP lines with superior 
emergence, such differences were not necessary for discarding inferior LP lines (Table 8).  
The emergence percentages of CX1834 and IA2069 in the ECT were not significantly 
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different for the Ames 2007 source.  The test results with that source indicated that there 
were 14 LP single-cross and backcross lines with emergence less than the 88.3% of CX1834 
by 11.9 percentage units, which was the value of the LSD at the 0.05 probability.   None of 
those 14 lines had significantly greater emergence than CX1834 when evaluated with the 
other two seed sources in the ECT.   The results indicated that discarding the 14 lines based 
on the ECT test with the Ames 2007 source would not have eliminated any useful LP 
breeding lines. 
 The analysis of seed of SC1 and SC10 for PAP and Pi was conducted to determine if 
their difference in emergence was due to PAP and Pi content (Table 11).  The content of SC1 
was not significantly different from SC10, the LP parents, or CX1834, but was significantly 
different than the NP parent IA2069.  The results indicated that the superior emergence of 
SC1 was not due to an increase in PAP or decrease in Pi content compared with other LP 
lines. 
 The results of this study have important implications for breeding of LP lines with 
improved emergence.  In crosses between LP and NP parents, some segregates would be 
expected to have less emergence than the LP parent.  Backcrossing to a NP parent may be 
less desirable than the use of a single cross.  Further research with other LP and NP parents 
will be needed to determine if the results of this study are applicable in general to other LP 
and NP parents.  Multiple seed sources will be required to identify LP lines with superior 
emergence.  The evaluation of emergence of LP lines can be done successfully by the ECT, 
which no longer limits the evaluation of LP lines to field plantings.  The same test can be 
used to identify seed lots of LP lines that would be expected to have good emergence in 
commercial production. 
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Table 8.  Mean field and extended cold test emergence of single-cross lines, backcross lines, and parents. 
    †Extended Cold Test 
 ‡Field Carlisle  Ames  Carlisle   Lewis  All 2007 Sources 
§Entry x  Rank   x  Rank   x  Rank   x  Rank   x  Rank 
 --%--   --%--   --%--   --%--   --%--  
SC1 41.6 1  95.5 1  43.5 1  75.5 1  71.5 1 
SC2 26.8 4  86.5 4  42.5 2  61.3 4  63.4 3 
SC3 35.9 2  87.0 3  37.0 4  62.5 3  62.2 4 
SC4 17.9 7  83.5 7  25.0 7  54.5 5  54.3 5 
SC5 31.3 3  89.0 2  40.5 3  69.5 2  66.3 2 
SC6 20.1 6  76.0 8  27.5 5  53.0 6  52.2 6 
SC7 22.6 5  86.5 5  26.5 6  30.5 8  47.8 7 
SC8 8.0 9  68.5 10  6.5 9  16.5 9  30.5 10 
SC9 7.3 10  75.5 9  5.5 10  16.0 10  32.3 9 
SC10 2.5 11  34.0 11  3.5 11  6.0 11  14.5 11 
SC11 12.0 8  84.0 6  10.6 8  31.0 7  41.9 8 
               
BC25 24.5 1  79.9 7  29.5 4  40.5 4  50.0 3 
BC26 17.4 4  85.5 1  30.0 2  26.5 9  47.3 5 
BC27 17.0 5  82.5 3  20.0 7  43.0 3  48.5 4 
BC28 6.9 10  75.0 10  9.0 11  27.0 8  37.0 11 
BC29 21.9 2  80.5 6  34.0 1  55.5 2  56.7 2 
BC30 21.9 3  81.5 5  29.6 3  62.5 1  57.9 1 
BC31 14.7 7  73.0 11  28.7 5  40.0 5  47.2 6 
BC32 11.1 8  75.5 9  17.0 8  26.0 10  39.5 10 
BC33 15.5 6  79.5 8  21.5 6  37.0 6  46.0 7 
BC34 10.4 9  83.5 2  11.5 10  29.0 7  41.3 8 
BC35 6.5 11  82.0 4  13.0 9  26.0 11  40.3 9 
               
BC36 9.5 11  76.0 7  7.0 13  20.5 12  34.5 12 
BC37 9.0 12  82.4 3  14.0 9  32.0 9  42.8 9 
BC38 29.1 1  83.4 2  44.5 1  47.2 5  58.4 2 
BC39 11.7 7  75.0 9  8.5 12  35.5 7  39.7 11 
BC40 7.3 13  67.0 13  9.5 11  11.5 13  29.3 13 
BC41 23.2 4  81.0 5  40.5 2  56.5 2  59.3 1 
BC42 10.5 9  73.0 11  12.6 10  48.0 4  44.5 7 
BC43 10.2 10  72.5 12  14.5 8  34.0 8  40.3 10 
BC44 27.6 2  77.5 6  29.0 3  62.5 1  56.3 3 
BC45 12.4 6  75.0 10  23.1 5  44.0 6  47.4 5 
BC46 23.3 3  76.0 8  26.5 4  52.0 3  51.5 4 
BC47 19.0 5  82.0 4  21.5 7  30.0 10  44.5 7 
BC48 11.6 8  88.0 1  22.7 6  23.0 11  44.6 6 
               
A05-318020 29.4   87.3   38.9   59.7   62.0  
A05-318025 33.1   77.8   47.5   57.8   61.0  
CX1834-1-6 14.4   88.3   18.8   46.5   51.2  
IA2069 39.2   92.3   45.6   73.3   70.4  
IA2070 32.2              
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¶ B019 53.8   89.6   72.3   72.6   78.1  
Mean 19.4   80.6   25.1   43.7   49.8  
SEM 2.0   4.2   3.7   4.2   5.2  
LSD0.05 5.6     11.9     10.5     11.9     14.6  
LSD0.01 7.4   15.9   14.1   15.9   8.7   
† = Mean extended cold test emergence with the Ames, Carlisle, and Lewis 2007 seed sources. 
‡ = Mean field emergence at five Iowa locations with the Carlisle 2007 seed source. 
§ SC1 – SC11 = Single-cross population A05-318011 x IA2070; BC25-BC35 = Backcross population (A05-
318020 x IA2069) x IA2069; and BC36-BC48 = Backcross population (A05-318025 x IA2069) x IA2069. 
¶ B01969B019 was not included in the mean or in the analyses of variance for the extended cold germination 
test. 
Refer to Table 1 for the 2008 designation for each entry in the field and extended cold tests. 
 
Table 9.  Mean field emergence of all lines from the 2007 Carlisle seed source at five Iowa environments in 2008. 
   Ames   Carlisle   Lewis   Osceola   Ottumwa   Overall 
2008 Field 
Entry 
Line 
Designation x    x    x    x    x    x  
  ------------------------------------------------%--------------------------------------------- 
260001 SC1 34.3  53.3  52.3  33.5  34.5  41.6 
260002 SC2 19.0  36.8  40.0  18.5  19.5  26.8 
260003 SC3 33.8  48.5  43.5  13.5  40.0  35.9 
260004 SC4 12.5  28.8  23.8  10.3  14.0  17.9 
260005 SC5 37.3  41.8  43.8  11.0  22.5  31.3 
260006 SC6 21.8  28.5  23.0  11.8  15.3  20.1 
260007 SC7 21.5  26.5  33.0  10.0  22.0  22.6 
260008 SC8 6.5  15.5  12.8  2.3  2.8  8.0 
260009 SC9 10.0  8.3  10.3  4.0  3.8  7.3 
260010 SC10 1.8  4.3  3.0  2.0  1.3  2.5 
260011 SC11 13.5  20.3  11.5  6.3  8.5  12.0 
             
260012  42.8  51.0  41.5  26.0  33.3  38.9 
260013  21.5  34.5  34.0  11.0  16.8  23.6 
260014  50.3  37.0  48.5  23.0  37.0  39.2 
260015  18.5  24.8  20.3  17.0  12.3  18.6 
260016  10.0  19.5  16.8  7.8  12.0  13.2 
260017  17.5  25.8  28.0  9.8  11.3  18.5 
260018  7.0  15.0  14.0  7.3  4.5  9.6 
260019  8.5  14.8  15.3  2.5  15.8  11.4 
260020  10.3  17.0  17.3  6.3  7.3  11.6 
260021  13.8  24.5  21.5  8.5  9.5  15.6 
260022  12.5  20.0  14.5  14.8  5.8  13.5 
260023  13.3  18.5  20.0  16.0  14.5  16.5 
260024  18.8  23.3  19.8  8.3  11.8  16.4 
             
260025 BC25 22.8  34.3  30.3  9.5  25.8  24.5 
260026 BC26 18.3  24.3  21.8  8.5  14.0  17.4 
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260027 BC27 15.5  26.0  27.3  8.0  8.0  17.0 
260028 BC28 5.0  9.3  12.5  1.8  6.0  6.9 
260029 BC29 19.0  28.0  33.3  10.5  18.8  21.9 
260030 BC30 19.5  33.8  29.5  10.3  16.3  21.9 
260031 BC31 14.3  21.0  19.3  9.5  9.3  14.7 
260032 BC32 14.8  15.5  14.0  2.8  8.5  11.1 
260033 BC33 15.3  26.0  19.8  9.0  7.5  15.5 
260034 BC34 13.5  14.8  16.8  3.5  3.3  10.4 
260035 BC35 11.5  10.8  7.3  2.3  0.5  6.5 
             
260036 BC36 7.5  21.5  8.0  4.8  5.5  9.5 
260037 BC37 7.8  16.0  11.8  4.8  4.8  9.0 
260038 BC38 31.5  37.3  40.5  19.0  17.3  29.1 
260039 BC39 9.0  20.0  15.3  7.5  6.8  11.7 
260040 BC40 7.3  11.8  11.0  4.0  2.5  7.3 
260041 BC41 18.3  36.0  30.8  15.0  16.0  23.2 
260042 BC42 11.0  18.8  9.8  4.8  8.0  10.5 
260043 BC43 9.3  17.5  10.8  6.8  6.8  10.2 
260044 BC44 22.5  37.0  35.3  15.3  28.0  27.6 
260045 BC45 12.8  17.8  21.3  5.5  4.8  12.4 
260046 BC46 20.3  30.0  31.8  11.3  23.3  23.3 
260047 BC47 21.0  25.8  26.3  10.5  11.5  19.0 
260048 BC48 16.8  16.8  12.0  6.5  6.0  11.6 
             
260049 A05-318020 22.8  42.3  35.5  18.0  28.3  29.4 
260050 A05-318025 30.8  40.8  44.5  26.5  23.0  33.1 
260051 CX1834-1-6 9.3  17.0  19.3  3.3  2.8  10.3 
260052 CX1834-1-6 11.8  24.8  27.0  8.5  20.5  18.5 
260053 IA2069 49.5  41.8  53.3  17.5  33.8  39.2 
260054 IA2070 37.3  41.5  46.8  13.8  21.5  32.2 
260055 IA2092 91.8  83.5  84.0  48.8  65.8  74.8 
260056 IA3026 91.3  81.0  79.0  78.5  55.5  77.1 
260057 B01769B019 53.8  50.5  56.0  41.3  44.0  49.1 
260058 A05-542015 35.5  42.3  52.3  21.5  43.0  38.9 
260059 IA2079 90.0  84.5  86.3  62.5  73.3  79.3 
260060 IA3024 76.3  82.0  8.8  82.3  79.8  80.8 
Mean  18.8  26.3  25.2  10.9  14.7  19.4 
SEM  2.6  3.0  2.8  3.1  5.3  2.0 
LSD0.05  7.5  8.6  8.1  8.8  15.0  5.6 
LSD0.01  10.0   11.5   10.8   11.7   20.1   7.4 
The following entries were not included in the means or in the analyses of variance: 260012-260024, 260055-
260056, and 260058-260060. 
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Table 10.  Mean extended cold test emergence of single-cross lines and parents for three 2007 and five 2008 Iowa seed sources. 
 Ames 07 Carlisle 07 Lewis 07 Ames 08 Carlisle 08 Lewis 08 Osceola 08 Ottumwa 08 All Sources 
Entry x  Rank x  Rank x  Rank x  Rank x  Rank x  Rank x  Rank x  Rank x  Rank 
 --%--  --%--  --%--  --%--  --%--  --%--  --%--  --%--  --%--  
SC1 95.5 1 43.4 1 75.5 1 79.5 1 65.5 2 77.5 1 90.0 1 87.5 1 85.0 1 
SC2 86.5 4 42.5 2 61.3 4 58.1 4 61.0 3 62.0 2 65.0 3 66.5 2 64.5 3 
SC3 87.0 3 37.0 4 62.5 3 74.5 2 46.5 4 45.8 4 61.5 4 62.0 4 56.4 4 
SC5 89.0 2 40.5 3 69.5 2 61.3 3 66.5 1 55.7 3 75.0 2 63.0 3 64.6 2 
                   
A05-318020 85.3  38.8  57.3  79.0  43.5  64.8  66.5  80.5  70.6  
CX1834-1-6 90.8  21.5  44.8  71.5  70.0  46.2  80.0  49.5  58.6  
IA2069 92.8  51.3  69.8  80.0  64.0  54.5  75.0  85.5  71.7  
†IA2070       67.0  59.5  61.5  86.5  82.5  71.4  
Mean 89.5  39.3  62.9  72.0  59.6  58.1  73.3  70.6  65.7  
SEM 2.7  1.7  5.2  2.0  6.1  8.4  5.7  4.2  2.9  
LSD0.05 9.3  5.7  18.1  6.9  21.2  29.1  19.8  14.7  8.4  
LSD0.01 14.1  8.7  27.4  10.5  32.2  44.1  30.1  22.3  11.2  
† = IA2070 was not included in the means or in the analyses of variance. 
Refer to Table 1 for the 2008 designation for each entry in the field and extended cold tests. 
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Table 11.  Mean inorganic P (Pi) and phytate P (PAP) content of single-cross lines and parents 
for three 2007 Iowa seed sources. 
 Inorganic P  Phytate P 
Entry Ames Carlisle Lewis x   Ames Carlisle Lewis x  
  --------------(mg g-1)--------------  ----------(mg g-1 x 10-3)---------- 
SC1 2.14 3.64 2.86 2.88  75 142 84 100 
SC10 3.37 3.80 3.44 3.54  132 111 136 126 
A05-318020 2.17 3.90 3.30 3.12  102 171 131 134 
A05-318025 2.07 3.58 3.76 3.14  103 187 145 145 
CX1834-1-6 2.53 4.25 3.24 3.34  87 153 139 126 
IA2069 0.26 0.62 0.27 0.38  411 587 562 520 
Mean 2.09 3.30 2.81 2.73  151 225 200 192 
SEM 0.04 0.18 0.32 0.23  20 66 35 21 
LSD0.05 0.13 0.67 1.15 0.74  72 241 129 65 
LSD0.01 0.21 1.05 1.81 1.05  112 377 202 63 
Refer to Table 1 for the 2008 designation for each entry in the field and extended cold tests. 
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APPENDIX A 
ANALYSES OF VARIANCE FOR FIELD EMERGENCE
39 
Table A1.  Analysis of variance of the field emergence of 35 LP lines, three NP parents, and 
three LP parents across five Iowa environments in 2008 with the Carlisle 2007 seed source. 
Sources of Variation df Mean Squares 
Environments (E) 4 3940.47 ** 
Replications/E (R/E) 5 293.26 ** 
Genotypes (G) 40 1193.87 ** 
G x E 160 40.01 ** 
Error 200 24.40  
CV (%)   32.6   
ns = not significant at the 0.05 probability level 
* significant at the 0.05 probability level 
** significant at the 0.01 probability level 
Table A2.  Analysis of variance of the field emergence of 35 LP lines, three NP parents, and three LP parents at each 
of five Iowa environments in 2008 with the Carlisle 2007 seed source. 
  Mean Squares 
Sources of Variation df Ames Carlisle Lewis Osceola Ottumwa 
Replications (R) 1 123.17 ** 0.06 ns 2.48 ns 170.53 ** 1170.06 ** 
Genotypes (G) 40 266.93 ** 301.94 ** 406.30 ** 136.59 ** 242.16 ** 
Error 40 13.67  18.13  15.98  18.85  55.36  
CV (%)   20.3   16.4   15.6   41.2   53.6   
ns = not significant at the 0.05 probability level 
* significant at the 0.05 probability level 
** significant at the 0.01 probability level 
40
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APPENDIX B 
ANALYSIS OF VARIANCE FOR THE EXTENDED COLD TEST 
42 
Table B1.  Analysis of variance of emergence of 35 LP lines and three LP parents and 
IA2069 from three 2007 seed sources in the extended cold test. 
Sources of Variation df Mean Squares 
Replications (R) 1 106.37 ns 
Genotypes (G) 38 1036.96 ** 
Sources (S) 2 65695.50 ** 
G x S 76 161.00 ** 
Error 146 32.47  
CV (%)   11.44  
ns = not significant at the 0.05 probability level 
* significant at the 0.05 probability level 
** significant at the 0.01 probability level 
 
Table B2.  Analysis of variance of emergence of four single-cross lines and three 
parents in the extended cold test for three 2007 and five 2008 seed sources. 
Sources of Variation df  Mean Squares 
Replications (R) 1 28.91 ns 
Genotypes (G) 6 657.27 ** 
Sources (S) 7 2982.35 ** 
G x S 42 136.96 ** 
Error 55 51.95  
CV (%)   17.8   
ns = not significant at the 0.05 probability level 
* significant at the 0.05 probability level   
** significant at the 0.01 probability level   
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ANALYSIS OF VARIANCE FOR PHYTATE P AND INORGANIC P 
44 
Table C1.  Analysis of variance of SC1, SC10, and three parents for phytate P (PAP) of 
three 2007 seed sources. 
Sources of Variation df Mean Squares 
Replications (R) 1 0.003 ns 
Genotypes (G) 5 0.156 ** 
Sources (S) 2 0.017 * 
G x S 10 0.003 ns 
Error 17 0.004  
CV (%)   26.4   
ns = not significant at the 0.05 probability level 
* significant at the 0.05 probability level 
** significant at the 0.01 probability level 
 
Table C2.  Analysis of variance of SC1, SC10, and three parents for inorganic P (Pi) of 
three 2007 seed sources. 
Sources of Variation df Mean Squares 
Replications (R) 1 0.054 ns 
Genotypes (G) 5 8.236 ** 
Sources (S) 2 4.427 ** 
G x S 10 0.327 ** 
Error 17 0.089  
CV (%)   20.9   
ns = not significant at the 0.05 probability level  
* significant at the 0.05 probability level 
 
** significant at the 0.01 probability level 
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APPENDIX D 
ANALYSIS OF VARIANCE FOR FIELD EMERGENCE WITH  
THE AMES SEED SOURCE
46 
Table D1.  Analysis of variance and expected mean squares for field emergence of LP 
lines and parents with the Ames 2007 seed source. 
Sources of Variation Degrees of Freedom df Expected Mean Squares 
Replications (R) r-1 1      σ2ε + gσ2r 
Genotypes (G) g-1 40      σ2ε + rФg 
Error (r-1)(g-1) 40      σ2ε 
Total rg-1 81   
 
Table D2.  Analysis of variance for field emergence of LP lines and parents with the Ames 
2007 seed source. 
Sources of Variation  df Mean Squares 
Replications (R)  1 1073.91 ** 
Genotypes (G)  40 214.15 ** 
Error  40 72.20  
** significant at the 0.01 probability level 
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APPENDIX E 
FIELD EMERGENCE OF THE ENTRIES FROM ANDERSON (2007)
Table E1.  Field emergence percentage for 16 single-cross LP, 33 backcross LP, four LP parent lines, and six NP parent lines evaluated at three Iowa environments 
in 2007.  Taken from Anderson (2007). 
 
Ames  Carlisle  Lewis  Line designation 
Field Entry Rep Rep 2 Mean  Rep 3 Rep 4 Mean  Rep 5 Rep 6 Mean Overall mean Line type Population 
2007 2008    ----------------------------------------------------------------%--------------------------------------------------   
519001 260001 52.5 25.5 39.0  56.0 49.0 52.5  49.0 61.5 55.3 48.9 SC†      Pop 4LS§ 
519002 260002 59.5 40.5 50.0  80.0 74.5 77.3  71.0 77.0 74.0 67.1 SC     Pop 4LS 
519003 260003 26.5 25.5 26.0  54.5 38.5 46.5  39.5 45.0 42.3 38.3 SC     Pop 4LS 
519004 260004   9.0   2.5   5.8  17.5 11.5 14.5  15.5 15.5 15.5 11.9 SC     Pop 4LS 
519005 260005 26.5 18.0 22.3  22.5 22.5 22.5  21.0 28.5 24.8 23.2 SC     Pop 4LS 
519006 260006 25.0 15.0 20.0  43.5 59.0 51.3  28.0 28.0 28.0 33.1 SC     Pop 4LS 
519007 260007 64.5 46.5 55.5  69.0 83.0 76.0  71.5 81.0 76.3 69.3 SC     Pop 4LS 
519008 260008 40.5 32.0 36.3  38.5 43.5 41.0  27.5 49.0 38.3 38.5 SC     Pop 4LS 
519009 260009 50.5 32.5 41.5  53.0 54.0 53.5  41.5 53.0 47.3 47.4 SC     Pop 4LS 
519010 260010  5.5   3.5   4.5    6.5 10.5   8.5    6.5   9.0   7.8   6.9 SC     Pop 4LS 
519011 260011 41.5 28.5 35.0  68.0 60.0 64.0  46.5 60.5 53.5 50.8 SC     Pop 4LS 
519012 260012 17.0 15.5 16.3  45.0 35.5 40.3  19.0 33.5 26.3 27.6 SC       Pop 5LS¶ 
519013 260013 57.5 37.5 47.5  65.5 52.5 59.0  48.5 56.5 52.5 53.0 SC      Pop 5LS 
519014 260014 58.5 43.5 51.0  82.0 68.5 75.3  82.0 84.0 83.0 69.8 SC         Pop 2UL# 
519015 260015 25.5 22.0 23.8  56.5 63.0 59.8  51.5 45.0 48.3 43.9 SC       Pop 2UL 
519016 260016 35.5 40.0 37.8  76.0 58.5 67.3  51.0 75.0 63.0 56.0 SC       Pop 2UL 
519017  50.0 27.5 38.8  81.0 69.0 75.0  56.5 70.0 63.3 59.0 LP parent A04-314030 
519018  37.5 28.0 32.8  58.5 47.5 53.0  47.5 57.5 52.5 46.1 NP parent A04-642005 
519019 260053 84.5 64.5 74.5  95.0 86.5 90.8  76.5 78.0 77.3 80.8 NP parent        IA2069 
519020 260054 68.0 46.5 57.3  90.5 65.5 78.0  90.0 90.5 90.3 75.2 NP parent        IA2070 
519021 260049 31.5 16.5 24.0  29.0 33.0 31.0  32.5 38.0 35.3 30.1 LP parent A05-318020 
519022  58.5 48.0 53.3  86.5 88.0 87.3  68.5 82.0 75.3 71.9 NP parent A04-442033 
519023 260050 17.0   9.0 13.0  65.0 38.5 51.8  44.0 48.0 46.0 36.9 LP parent A05-318025 
519024 260058 65.0 45.0 55.0  92.0 81.5 86.8  75.0 87.0 81.0 74.3 NP parent A05-542015 
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Table E1.  Continued. 
 
Ames  Carlisle  Lewis  Line designation 
Entry Rep Rep 2 Mean  Rep 3 Rep Mean  Rep 5 Rep 6 Mean Overall mean Line type Population 
2007 2008    --------------------------------------------------------------%--------------------------------------------------   
519025 260051 52.0 37.5 44.8  60.5 60.0 60.3  52.0 54.5 53.3 52.8 LP parent CX1834-1-6 
519026 260052 35.0 26.5 30.8  60.5 43.5 52.0  58.0 50.5 54.3 45.7 LP parent CX1834-1-6 
519027 260017 41.0 35.5 38.3  47.5 33.0 40.3  33.0 31.5 32.3 36.9 BC1‡    Pop 1UL-BC†† 
519028 260018 29.5 32.5 31.0  63.0 51.5 57.3  33.5 39.5 36.5 41.6 BC1     Pop 1UL-BC 
519029 260019 15.0 11.5 13.3  38.5 35.5 37.0  31.0 20.5 25.8 25.3 BC1    Pop 2UL-BC‡‡ 
519030 260020 19.0 14.0 16.5  64.0 34.0 49.0  39.5 47.0 43.3 36.3 BC1     Pop 2UL-BC 
519031 260021 17.0 12.5 14.8  34.5 41.5 38.0  24.0 35.5 29.8 27.5 BC1     Pop 2UL-BC 
519032 260022 25.5 13.0 19.3  50.0 47.5 48.8  45.0 52.5 48.8 38.9 BC1     Pop 2UL-BC 
519033 260023 16.0   7.5 11.8  55.5 55.0 55.3  33.5 24.0 28.8 31.9 BC1     Pop 2UL-BC 
519034 260024 50.0 23.0 36.5  63.5 55.0 59.3  48.5 47.0 47.8 47.8 BC1     Pop 2UL-BC 
519035 260025 42.0 37.0 39.5  72.5 45.5 59.0  49.5 55.5 52.5 50.3 BC1   Pop 5LS-BC§§ 
519036 260026 49.0 42.5 45.8  65.5 68.0 66.8  50.5 57.5 54.0 55.5 BC1     Pop 5LS-BC 
519037 260027 38.0 27.0 32.5  50.0 46.0 48.0  32.5 37.0 34.8 38.4 BC1     Pop 5LS-BC 
519038 260028 16.5 14.0 15.3  29.5 28.0 28.8  24.5 25.0 24.8 22.9 BC1     Pop 5LS-BC 
519039 260029 24.5 18.0 21.3  31.5 34.0 32.8  25.5 26.0 25.8 26.6 BC1     Pop 5LS-BC 
519040 260030 16.5 15.5 16.0  49.0 22.5 35.8  14.5 22.0 18.3 23.3 BC1     Pop 5LS-BC 
519041 260031 16.0 18.5 17.3  31.5 30.5 31.0  23.0 16.5 19.8 22.7 BC1     Pop 5LS-BC 
519042 260032 18.5 32.5 25.5  54.0 41.0 47.5  27.5 47.0 37.3 36.8 BC1     Pop 5LS-BC 
519043 260033 21.0 19.5 20.3  49.5 39.5 44.5  36.5 99.0 67.8 44.2 BC1     Pop 5LS-BC 
519044 260034 41.5 27.0 34.3  64.5 71.0 67.8  44.5 60.5 52.5 51.5 BC1     Pop 5LS-BC 
519045 260035   4.0   5.0   4.5    4.5   4.5   4.5    9.5   5.5   7.5   5.5 BC1     Pop 5LS-BC 
519046 260036 14.5 14.5 14.5  20.5 10.0 15.3  10.5   8.0   9.3 13.0 BC1   Pop 6LS-BC¶¶ 
519047 260037 13.0 17.0 15.0  18.5 19.5 19.0  18.5 21.0 19.8 17.9 BC1     Pop 6LS-BC 
519048 260038 37.5 24.0 30.8  46.5 43.5 45.0  31.5 44.0 37.8 37.8 BC1     Pop 6LS-BC 
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Table E1.  Continued. 
 Ames  Carlisle  Lewis  Line designation 
Entry Rep Rep 2 Mean  Rep 3 Rep Mean  Rep 5 Rep 6 Mean Overall mean Line type Population 
2007 2008    --------------------------------------------------------------%----------------------------------------------------   
519049 260039 11.5   8.5 10.0  23.0 16.0 19.5  22.5 15.5 19.0 16.2 BC1     Pop 6LS-BC 
519050 260040 15.5 17.5 16.5  29.5 24.5 27.0  17.5 22.0 19.8 21.1 BC1     Pop 6LS-BC 
519051 260041 16.5 14.0 15.3  30.5 32.5 31.5  18.5 23.0 20.8 22.5 BC1     Pop 6LS-BC 
519052 260042   9.0 15.5 12.3  34.0 24.0 29.0  13.0 12.5 12.8 18.0 BC1     Pop 6LS-BC 
519053 260043 23.5 20.0 21.8  59.0 47.0 53.0  30.0 23.0 26.5 33.8 BC1     Pop 6LS-BC 
519054 260044   8.0   4.0   6.0  10.0 23.5 16.8  12.0 15.5 13.8 12.2 BC1     Pop 6LS-BC 
519055 260045   8.0   6.5   7.3  27.5 19.5 23.5  10.5   9.0   9.8 13.5 BC1     Pop 6LS-BC 
519056 260046 22.0 17.0 19.5  46.5 33.0 39.8  28.0 29.0 28.5 29.3 BC1     Pop 6LS-BC 
519057 260047 22.0 18.0 20.0  61.0 44.0 52.5  42.5 40.0 41.3 37.9 BC1     Pop 6LS-BC 
519058 260048 36.5 35.0 35.8  60.5 57.0 58.8  39.5 55.0 47.3 47.3 BC1     Pop 6LS-BC 
519059 260057 68.5 53.5 61.0  96.0 91.5 93.8  86.5 85.0 85.8 80.2 NP parent     B01769B019 
519060  55.0 37.5 46.3   59.5 64.5 62.0   53.5 48.0 50.8 53.0 BC1     Pop 5LS-BC 
Mean   28.7    48.5    41.6 39.6   
SE     6.0      7.1      7.6   7.0   
LSD0.05   12.1    14.2    15.2   7.9   
LSD0.01   16.0    18.9    20.3 10.4   
† Single-cross lines 
‡ Backcross lines 
§ This pedigree was incorrectly described by Anderson (2007) as A05-318020 x IA2069.  The correct pedigree is A05-318011 x IA2070. 
¶ A05-318020 x IA2069 
# A05-218007 x A04-642005 
†† (A05-318025 x A04-542015) x A04-542015 
‡‡ (A05-218007 x A04-642005) x A04-642005 
§§ (A05-318020 x IA2069) x IA2069 
 
¶¶ (A05-318025 x IA2069) x IA2069 
Refer to Table 1 for the 2008 designation for each entry in the field and extended cold tests. 
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